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Abstract 
The Raman characterization of catalysts (as for any material) is generally a difficult task, since 
the numerous drawbacks affecting this technique, e.g. overlapping with photoemission 
phenomena and excitation induced sample damaging. These side effects are detrimental toward 
advanced applications of Raman spectroscopy, as in situ and/or operando ones. If photoemission 
can be often avoided by changing the excitation wavelength, the sample damaging requires to 
take advantage of specific tools, developed ad hoc. The aim of this work is to show the 
potentialities of a novel Raman setup, specifically designed for the in situ study of catalytic 
materials, where the sample is moved by means of a magnetic-driven sample-holder), reducing 
the excitation induced damaging to a negligible extent. Various examples related to catalysis 
field (involving inorganic, organic and mixed systems) are reported to support this statement. 
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1. Introduction 
Raman spectroscopy is a useful characterization tool in the field of catalysis, which has provided 
a significant contribution in the past toward the study of several materials (see e.g. [1–28]). 
However, the Raman approach to catalyst characterization is often a demanding task, because of 
the drawbacks affecting it. Among the main reasons, the overlap of photoluminescence 
phenomena and the sample damaging induced by the intense excitation lasers are the most 
critical ones. The former can be solved by choosing an excitation wavelength sufficiently far 
from the typical emission region (i.e. UV or IR) [17] or by adopting advanced setups filtering the 
fluorescence taking advantage of its time delay with respect to Raman [29, 30]. The latter, 
instead, can be addressed through different strategies. In most of the cases, the reduction of the 
excitation source power is sufficient to avoid decomposition. However, such approach is not 
optimal in every situation, since it leads to the increase of the measurement time and, 
consequently, to the loss of time resolution. Thereby, applying Raman spectroscopy to the study 
dynamic phenomena (e.g. chemical reactions, even if slow) turns to be impossible under this 
limitation. Furthermore, power reduction is sometime insufficient in avoiding sample 
degradation: this is the case of materials which are highly absorbing the excitation wavelength, 
or when high energy excitation lines (e.g. UV ones) are exploited. These intrinsic limitations of 
Raman spectroscopy make difficult to follow the evolution in the experimental complexity 
naturally followed by other techniques, i.e. toward in situ and/or operando conditions. Indeed, 
few pioneering examples are encountered in the literature [15, 13, 24, 12, 16, 14, 27, 28]. 
To be able to exploit the full excitation power without damaging the sample is then of outmost 
importance. A smart strategy is to exploit the sample movement: several examples are reported 
in the literature, offering various technological solutions [15, 13, 12, 16, 31]. The first example 
of a Raman measurement performed with a moving sample reported in the literature is probably 
represented by the rotating sample holder developed by Kiefer and Bernstein in 1971 [31]. The 
concept of the device is simple: the powder was pressed in a circular groove of the sample holder 
(forming a ring-shaped, self-supported pellet) and the analysis was performed sampling the 
material while it is rotated. This solution allowed its inventors to measure a highly absorbing 
material such as potassium permanganate without destroying it, thus demonstrating the positive 
effect of the sample rotation. 
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The same concept was exploited again some years later by Cheng and coworkers [16]. The 
proposed device introduced several evolutions with respect to the previous one: the rotating 
sample holder was enveloped by a sealed chamber, allowing to expose the sample to the desired 
pressure/flow of a gas or to vacuum. Furthermore, temperature control was possible through an 
external furnace and/or by flowing gases at a given temperature. The rotation was transmitted to 
the sample holder from an external motor and the coupling of the two parts was probably the 
most complex feature of the cell (and its Achilles’ heel too). Because of the complicated driving 
system, the cell «presents technical problems in minimizing the mechanical distortions […] and 
in the sealing of the cell» as later commented by Müller and Weber [15]. 
The latter proposed a new solution, where the novelty was to avoid any mechanical part in the 
controlled atmosphere region of the cell, ascribing to the complex system of transmission of 
motion the weakness of the previous setup. Thus, instead of moving the sample itself, it was 
scanned by a movable laser beam: the incoming light was reflected by a rotating prismatic 
mirror, changing time by time the position of the measurement spot on the material. The 
scattered light was then recollected by a concave mirror and directed to the collection optics. 
Even if such solution simplified the problem of the cell sealing, it introduced new sources of 
aberration: it is possible to infer that the optimal collection of the Raman signal required a high-
quality alignment of the optical elements, so each experiment was necessarily preceded by a time 
consuming optimization of the Raman instrumentation.  
Reaching the 2000’s, the development of new Raman setups was progressively oriented to the 
study of reactions while occurring, i.e. carrying out the measurements in the so called operando 
conditions [14]. Anticipating the definition by Bañares, Chua and Stair developed a new type of 
cell, more precisely definable as a reactor [13]. Even if the processes were not followed by 
online products analysis, the reactor was constructed in order to allow the spectroscopic study in 
realistic reaction conditions: in particular the authors focused on the formation of coke upon 
conversion of Methanol to Hydrocarbons (MTH) on zeolites, thus the use of a UV-Raman setup 
was compulsory to avoid the strong emission of the coke species [24]. Since the risk of laser-
induced damage is highly probable in these conditions [32], the sample was moved during the 
measurement by exploiting a smart trick, the catalytic bed fluidization: the continuous exchange 
of the catalyst particles under the beam avoids their decomposition due to the laser. The 
fluidization is achieved in this device combining the effect of a gas flowing through the catalytic 
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bed and the electromagnetic shaking of the whole reactor. The setup was really effective, since 
strong UV absorber like Polycyclic Aromatic Hydrocarbons (PAHs) were effectively measured 
avoiding any type of damage [24]. 
The most recent example of Raman setup with movable sample is due to Beato and coworkers, 
realized by modifying a commercial Linkam CCR1000 reactor-cell [12]. This cell exploits the 
catalytic bed fluidization too, but it is based on a fully fluid-dynamic concept: the powder is 
fluidized by backflow pulses with regular frequency, produced via dedicated device. The 
versatility of this tool has been demonstrated by application involving several heterogeneous 
catalysts [12, 27, 28]. Despite its excellent capability to preserve the sample from laser-
degradation, fluidization is also a possible source of drawbacks: i) unavoidably the sample is 
partially lost during the experiment, limiting the time framework available to perform it; ii) the 
continuous friction among the particles leads to their progressive morphological modification, so 
that occasionally the fluidization conditions (strongly connected to the particles shape and size) 
are no longer achievable iii) in presence of condensable vapors, the wetting of the catalyst can 
prevent the fluidization to occur; and iv) since a gas flow is required to fluidize the powder, the 
reactor-cell is not suitable for working in batch (i.e. static conditions) or in vacuum. 
Keeping advantage of these works and combining it with the long experience in setups 
development of our group [33–37], we designed and tested a novel tool for Raman spectroscopy. 
Exploiting sample rotation to preserve it from degradation at full excitation power, it takes 
advantage of an innovative way of motion transmission, based on the application of an external 
magnetic field. 
 
2. Experimental 
2.1 Description of the setup 
The core of the setup is represented by its innovative sample holder. The mechanical force 
requested to generate a rotary motion of the sample is transmitted as in a common magnetic 
stirrer, i.e. applying an external rotating magnetic field. The sample holder contains a permanent 
magnet, which is forced to align to the applied field, thus producing the sample movement. The 
advantage of this configuration, with respect to previous examples [16, 31], is the positioning of 
all the mechanical parts far from the sample holder, as the motion is transmitted in a contactless 
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way. Thereby, the sample holder can be hosted in closed containers (e.g. a spectroscopy cell), 
however being still movable. A schematic of sample holder is given in Figure 1. 
 
Figure 1. Schematic of the sample holder and its main components: (a) hollow stainless steel 
cylinder; (b) magnetic element; (c) gold envelop equipped with foldable winglets (c’); (d) 
mounting gold strip; and (e) sample in pellet form. 
 
A hollow stainless steel cylinder constitutes the body of the sample holder. The magnetic 
element is an AlNiCo-5 bar, mounted across the cylinder: the choice of this magnetic alloy is due 
to its high Curie temperature (above 800 °C, allowing to perform high temperature activation 
treatment without losing the magnetization) and to its reasonable magnetic coercivity (about 50 
kA m-1). By comparison, a neodymium based magnet can reach 15-20 times higher coercivity 
values, but it will never be suitable for high temperature applications because of the lower Curie 
temperature (300 °C) [38]. On the upper part of the cylinder, a square gold envelope is mounted: 
the envelope is fixed to the cylinder through a gold strip and it hosts the sample in form of self-
supported pellet. Four foldable winglets, integrated within the gold envelope, keep the pelleted 
sample in the right position. Being the sample integrated in the sample holder, the former rotates 
together with the latter as the external field is applied.  
The design of the sample holder allows a certain degree of miniaturization, such as it can be built 
with a diameter lower than 1 cm. This fact is really practical for in situ applications, since the 
small sample holder can easily fit a Raman spectroscopy cell. An example of the standard design 
of the latter is given in Figure 2. 
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Figure 2. Sketch of a typical Raman spectroscopy cell and its main parts: (a) sample holder (see 
Figure 1); (b) optical grade quartz glass cuvette; (c) quartz glass tube; (d) glass KF-type flanges; 
(e) Viton O-ring; (f) Rotulex-type connection to gas/vacuum manifold; and (g) PTFE tap. 
 
The cell has a simple design and it can be divided in two blocks: the “body” (containing the 
optical part) and the “head” (allowing the connection of the cell to a gas manifold). Starting from 
the former, the optical part is constituted by a standard 10 mm cuvette of Suprasil quartz-glass, 
guaranteeing a good transparency and the absence of emission phenomena also in the UV 
spectral region. The cuvette is welded to a quartz glass tube, able to resist the high temperature 
the sample should reach during activation. The body is connected to the head through a KF-
flanges system, sealed by a Viton O-ring and mechanically kept in place by a clamp. By 
removing the clamp, the cell can be divided in the two parts allowing the introduction of the 
sample, as well as an accurate cleaning of the device. The head includes a PTFE tap, which 
allows the connection of the cell to a gas manifold through a Rotulex type, grease-free 
connection. 
This type of setup has been successfully applied in some recent works where fast and reliable 
Raman and UV-Raman measurements were required [32, 20, 9]. Because of its effectiveness and 
competitive construction costs, a patent request has been submitted [39]. Future upgrades will 
introduce temperature control and the possibility to exploit gas flows, progressively opening to 
the application of the setup under in situ and operando conditions. 
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2.2 Benchmark experiments 
The reliability of the Raman measurements obtained through the presented setup has been 
checked over a set of representative materials/conditions relevant in the catalysis field. Inorganic, 
organic and mixed systems have been considered. In detail, the reported test cases involve bulk 
molybdenum disulfide (MoS2, Fluka), bulk anthracene (Aldrich, 99%) and methanol (Aldrich, 
99.9%, anhydrous) adsorbed over a protonic ZSM-5 zeolite (Süd Chemie, Si/Al = 45) from gas 
phase at room temperature (RT). 
The measurements have been performed exploiting three Renishaw inVia Raman Microscope 
spectrometers, equipped with different laser lines ranging from NIR to mid-UV. In the present 
work, three of these have been exploited: 514.5 nm (Ar+ laser, Spectra Physics 163-C4210), 442 
nm (He-Cd laser, Kimmon IK5651R-G) and 244 nm (frequency doubled Ar+, Coherent 300C 
MotoFreD). Measurements have been carried out with the full laser power at the sample, i.e. 
among 10-20 mW for visible lasers and about 5 mW for the mid-UV one. 
MoS2 and naphthalene have been measured as such in air, whereas the methanol adsorption over 
ZSM-5 was preceded by the thermal activation of the latter. In detail, the sample was heated 
under vacuum (residual pressure < 10-3 mbar) up to 550 °C with a slope of 5 °C/min, then 
exposed to a pressure of 100 mbar of O2 for 1 h. Oxygen has been then outgassed and the sample 
was cooled back to RT. Later, methanol has been dosed exposing the activated ZSM-5 to its 
vapor pressure (~ 130 mbar at RT). 
 
3. Results and Discussion 
Inorganic materials (including many heterogeneous catalysts) are routinely characterized through 
Raman spectroscopy, without special efforts regarding their stability in measurement conditions 
since they are considered as stable phases. If generally this is true, some peculiar materials 
(usually highly absorbing ones) should be handled with care. This was the case of materials such 
as potassium permanganate or molybdenum disulfide (MoS2), whose characterization drove to 
the construction of some of the setups previously discussed [15, 31]. 
MoS2 is of particular interest, because of its various application fields. Traditionally, it has been 
exploited (in a supported form) in hydrodesulfurization catalysis [40]. More recently its peculiar 
electronic and optical properties upon exfoliation (i.e. reducing its dimensionality toward a 2D 
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material) have been discovered [41, 42], opening to new applications in the development of 
electronic devices [43–45]. 
Raman spectroscopy is one of the election tools in MoS2 characterization, since a clear 
correlation among the frequency of its main vibrational signals (a doublet of bands, ascribable to 
modes of A1g and E12g symmetry) and the number of layer constituting the particle has been 
demonstrated [46–48]. Interestingly, the same are similarly affected by temperature increases: 
such behavior has been observed both in case of controlled heating of the sample [49] and 
overexposure to the excitation laser beam [50]. This latter feature makes MoS2 an optimal test 
case to verify the reliability of the developed setup. The test measurements were performed with 
514.5 nm and 442 nm excitations, both on the sample in rotation or static. The obtained Raman 
spectra are reported in Figure 3. 
 
Figure 3. Raman spectra of bulk MoS2 collected while rotating (black lines) or with static sample 
(red lines). Spectra were collected exploiting 514.5 nm (a-b) and 442 nm (c-d) excitation 
sources, at full laser power and exposing the sample for 10 s to the beam. Panels (b) and (d) 
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show the detail of the characteristic A1g-E12g doublet of MoS2. Spectra have been vertically 
shifted for sake of visualization. 
 
Considering the 514.5 nm excitation first, both rotating and static measurements show similar 
features on the considered spectral range. Looking with higher detail to the A1g-E12g doublet, the 
measurement performed with rotating sample allows to determine their maxima at 407 cm-1 and 
381 cm-1 as expected from previous literature [46, 47]. Conversely, a clear redshift of 5 cm-1 of 
both modes is observed upon static measurement, most probably ascribable to laser induced 
heating. According to the model of Najmaei et al. [49], the frequency-temperature  dependence 
can be quantified in about -0.014 cm-1/K for highly layered MoS2. Thereby, the temperature of 
the sample at the measurement spot reaches ~ 80 °C. 
Even more representative is the outcome with the 442 nm laser, where the static measurement 
leads to the degradation of the sample: as observed in Figure 3c, the spectral features look 
completely different from ones collected in rotation, testifying the excitation beam promoted 
some reactivity. The obtained spectrum is straightforwardly assigned to molybdenum (VI) oxide 
(MoO3), as suggested by the intense bands at 995 cm-1 and 820 cm-1 (ascribed to n(Mo=O) and 
nasym(Mo-O-Mo) modes respectively) and typical group of bands among 200-400 cm-1 (due to 
d(Mo=O) vibrations) [51]. The energy delivered by the 442 nm laser in 10 s of exposure is then 
sufficient to promote the complete oxidation of MoS2 with the only atmospheric oxygen partial 
pressure. Exploiting rotation, instead, the sulfide phase is preserved without showing signs of 
incipient oxidation. 
If inorganic materials rarely show degradation to the extent of MoS2, the behavior of organic 
species is often more problematic under this point of view. The ease of organic sample 
degradation was another relevant driving force toward the development of dedicated Raman 
setups, since their importance in the catalysis field [13, 12]. The second test case reported in this 
work deals with a demanding system: anthracene. Anthracene belongs to the group of Polycyclic 
Aromatic Hydrocarbons (PAHs), a class of ubiquitous molecules investigated in the fields of 
environmental sciences, toxicology, earth sciences, astrochemistry and catalysis [52–58]. 
Concerning the latter topic, PAHs have been identified as deactivating species in several refining 
and petrochemical processes, e.g. Methanol To Hydrocarbons (MTH) [57–59]. Because of their 
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thermodynamical stability and their large dynamic volume, PAHs brings MTH catalysts (acid 
zeolites and zeotypes) to deactivation by sticking in the porous system without the possibility to 
further react and/or out-diffuse [57, 58]. Raman spectroscopy is a demanding technique toward 
PAHs characterization, since these are highly fluorescent molecules. Indeed, the only possibility 
to effectively collect their Raman spectra is to move the excitation wavelength far from the 
emission range (i.e. the visible), thus avoiding the interference of fluorescence in the detection of 
the Raman signal [17]. In the present work, mid-UV excitation (244 nm) has been applied to the 
characterization of anthracene (as prototype of PAH): the results are reported in Figure 4. 
 
 
Figure 4. UV-Raman (l = 244 nm) spectra of anthracene collected while rotating (black lines) or 
with static sample (red lines). Spectra have been collected at full laser power, with an exposure 
time of 120 s. Spectra have been vertically shifted for sake of visualization. The spectrum 
collected in static conditions has been multiplied by a factor 10 for the same reason. 
 
The importance of exploiting sample movement in UV-Raman measurements of organic species 
is clearly depicted in Figure 4. The high energy carried by UV photons is extremely harmful, 
since it brings to fast decomposition of molecules if measurements are carried out without 
precautions. Anthracene is a clear example of such undesired effect: thanks to resonance 
enhancement (allowed by its electronic transitions, falling in the mid-UV region [60]), a high 
quality spectrum can be collected in only 120 s if rotation is exploited. Conversely it is 
impossible to perform the same measurement with static sample, since it readily decomposes 
toward bulkier carbonaceous, as testified by the growth of the well known G band [61, 62]. The 
D band is instead hardly detectable, as expected with UV excitation [62]. A further peak appears 
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at ~1670 cm-1, compatibly with oxidation processes leading to the formation of carbonyl 
moieties. The most intense signal of anthracene (~ 1400 cm-1) instead almost disappears, being 
now 80 times less intense than in the spectrum collected under sample rotation. 
In the last example, a complex experiment is presented. In detail, methanol was dosed from gas 
phase on a protonic zeolite (ZSM-5, Si/Al = 45). This test can be regarded as the zero-step of a 
MTH in situ study, since it could demonstrate the reactant stability in the measurement 
conditions, i.e. guaranteeing the results will be due to the true catalyst reactivity and not to 
spurious, laser induced effects. As in the previous examples, the results collected while rotating 
the sample are compared with the “static” ones in Figure 5. 
 
Figure 5. Raman spectra of bulk methanol adsorbed from gas phase on H-ZSM-5 collected with 
static (a) or rotating (b) sample. The time evolution is from black to red in panel (a) and from 
dark to light blue in panel (b). The spectrum of the activated H-ZSM-5 (grey line) is reported for 
comparison. The spectra where collected exploiting full laser power. The exposure time was set 
to 30 s for static sample spectra (panel a), whereas it has been increased to 300 s for ones 
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collected while rotating (panel b). Furthermore, the latter have been vertically shifted for sake of 
visualization. 
 
The last example depicts the importance of performing reliable Raman measurements in the 
catalysis field. In fact, when rotation was not applied, a clear spectral evolution is observed at 
increasing times. The high frequency signal ascribable to adsorbed methanol (peaks at 2840 cm-1 
and 2945 cm-1, ascribable to C–H stretching modes [63]) are progressively eroded, testifying that 
the amount of adsorbed methanol has been reducing. Further piece of information arises from the 
low frequency region, where on top of the methanol modes (CH3 deformation modes at ~ 1460 
cm-1 [63]) new spectral features evolve with the time. The latter can be generically ascribed to the 
formation of coke-like species, as observed upon deactivation of MTH catalysts [24, 12, 9]. Such 
evidence must be carefully taken in account, since the excitation light is able to promote a 
reactivity similar to the one expected in the true process conditions. Thereby, the exploitation of 
a dedicated setup is compulsory, since the overlap of real and spurious process will lead to a 
misleading interpretation of the spectroscopic outcomes. While rotation is applied, instead, 
methanol is fully stable at the H-ZSM-5 surface for a long time. Each of the spectra reported in 
Figure 5b refers to an exposure time equal to the one experienced by the sample along the whole 
set of spectra reported in Figure 5a. Even after three repetitions (i.e. exposing the sample to the 
laser for 15 min), the methanol spectrum doesn’t show any alteration. This demonstrates the 
present setup can be successfully exploited in MTH studies without affecting the results because 
of the spurious degradation on methanol induced by the excitation source. 
4. Conclusions 
This work presents a novel approach to Raman spectroscopy, allowing to perform in situ (and in 
future, operando) experiments, based on a dedicated experimental setup. The core of the latter is 
represented by its innovative sample holder, which allows the sample movement through the 
application of an external magnetic field. Avoiding the presence of mechanical parts inside the 
controlled atmosphere region of the Raman cell, the sealing of the latter is guaranteed, 
overcoming a serious side effect of past implementation. The effectiveness of the device is 
demonstrated by several examples simulating conditions often encountered in catalytic systems. 
The opportunity to exploit the full excitation power (still avoiding sample degradation) pushes 
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the time resolution of Raman spectroscopy down to its limits, opening to the study of dynamic 
phenomena (e.g. reactions). 
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